The emergence of drug-resistant, multidrug-resistant and extensively drug-resistant tuberculosis (TB) is of major public health concern in several countries. In this study, the pharmacodynamic relationships among the structural analogs of antibiotics belonging to the same family were taken into consideration. The aim of this study was to compare the susceptibility of Mycobacterium tuberculosis to isoniazid (INH), rifampicin and levofloxacin (LX) to their respective structural analogs, which are frequently used as second-line agents. The microplate colorimetric method was used to determine the MIC to INH, ethionamide (ETH), rifampicin, rifabutin, LX and moxifloxacin (MOX) in clinical isolates previously shown to be drug resistant. Mutations conferring drug resistance were detected by GenoType MTBDR plus and DNA sequencing. INH and ETH cross-resistance was found in 95.12% (39/41) of the INH-resistant isolates harboring a mutation in inhAP or inhA open reading frame, but rifabutin cross-resistance was observed in 90.0% (63/70) of the clinical isolates originally shown to be resistant to rifampicin. Isolates with high LX-resistance levels also showed high MIC to MOX. Fluoroquinolone cross-resistance was verified in isolates containing the gyrA94 and the gyrA90 mutation. In general, isolates with high INH, rifampicin and LX-resistance levels also displayed high MIC values for their structural analogs. These findings suggest the need to test in vitro the second-line drugs before their incorporation in the therapeutic schemes.
INTRODUCTION
With the occurrence of about 9 million new tuberculosis (TB) cases each year and almost 1.5 million deaths worldwide, Mycobacterium tuberculosis remains a major infectious pathogen with great public health importance. 1, 2 The emergence of drug-resistant, multidrugresistant (resistant to at least rifampicin and isoniazid (INH)) and the extensively drug-resistant TB (multidrug-resistant TB with resistance also to one injectable agent, amikacin, kanamycin or capreomycin plus one fluoroquinolone (FQ)) is of major public health concern in several countries. 2, 3 The treatment of drug-resistant, multidrugresistant and mainly extensively drug-resistant TB is more difficult, creates more toxicity and takes longer than that used for fully drugsusceptible TB. The appearance of multi-and extensively drugresistant TB cases is often associated with treatment failure and therefore is a consequent threat to the patient's life. Moreover, the costs of treatments for multi-/extensively drug-resistant forms are very often unaffordable for low-or middle-income countries where the second-line agents are not produced. This absence of production led these countries to depend on the international organizations to acquire second-line anti-TB drugs.
Rifampicin and INH are the main first-line anti-TB drugs. In general, rifampicin resistance is considered to be an excellent marker for multidrug-resistant TB. More than 90% of rifampicin-resistant isolates are generally accepted to be associated with INH resistance. 4, 5 Around 95-97% of the mutations related to rifampicin resistance have been found in the region of the rpoB gene, which comprises codons 507-533 (81 base pairs (bp)). 6 Point mutations in codons 516, 526 and 531 of the rpoB gene were the most frequently found and reported. [7] [8] [9] TCG531TTG (S4L) is the predominant mutation accounting for approximately 40% of global rifampicin resistance. 10 Mutations in codons 526 and 531 were related to high rifampicinresistant levels with MICs higher or equal to 32.00 mg ml À1 . [11] [12] [13] Furthermore, mutations in rpoB516 were associated with a lower level of resistance with MICs around 2.00-32.00 mg ml À1 . 14 The existence of cross-resistance between different rifamycins, such as rifampicin and rifabutin, has been reported previously. In fact, according to previous reports, mutations in codons 516, 518, 522 and 529 are associated with low-level rifampicin resistance, but remains susceptible to rifabutin. 15 On the other hand, resistance to INH is more complex in that INH seems to have several mechanisms of action. Even though some of these mechanisms remain unknown, it has been reported that the two main pathways involve the enzymes KatG and InhA. The mutation in codon 315 of the katG gene is the most commonly found within INH-resistant clinical isolates (50-80%). 16, 17 This mutation decreases KatG activity by about 50% 18 and it is frequently associated with high-level INH resistance. Approximately, 8-20% of INH-resistant isolates have mutations in the promoter region of the inhA gene (inhAP), a gene that encodes an enzyme involved in mycolic acid biosynthesis. The main mutation in this gene (C-15T) is related to low-level INH resistance. The overexpression of InhA, caused by mutations in inhAP, is associated with low INHresistant levels and cross-resistance to ethionamide (ETH). ETH is the structural analog of INH and is frequently used as a second-line drug in the multidrug-resistant TB treatment. 19, 20 ETH needs to be activated by the EthA enzyme and in this way targets InhA protein.
Point mutations located in the quinolone-resistant determining region of the gyrA gene are the main molecular mechanism responsible for FQ resistance, and mutations in codons 90 and 94 are the most frequent within FQ-resistant clinical isolates. 21, 22 Mutations in the gyrB gene are seldom found. 21, 23, 24 Several authors postulated that alterations in M. tuberculosis efflux pumps may be another mechanism involved in FQ resistance. Although crossresistance among FQs has also been described, it is still recommended to confirm it phenotypically. 25 The aim of this study was to compare the susceptibility of M. tuberculosis to first-line anti-TB drugs with their respective structural analogs, taking into account the pharmacodynamic relationships among antibiotics belonging to the same family. It is worth mentioning that the structural analogs are frequently used as second-line agents during TB treatments.
MATERIALS AND METHODS
A total of 144 INH-resistant M. tuberculosis isolates, 75 rifampicin-resistant and 9 levofloxacin-resistant (LX-resistant) isolates, according to the gold standard drug susceptibility testing methods, the indirect proportion method on Lowenstein-Jensen (LJ) and the BACTEC MGIT 960, were included to determine their resistance levels (MIC value) both to the original drugs and to the structural analogs of the first-line drugs: ETH, rifabutin and moxifloxacin MOX.
These strains were isolated from TB patients who lived in the northern region of Buenos Aires Province and were attended at the Reference Laboratory of Tuberculosis Control Program of Dr Cetrangolo Hospital between 2002 and 2012. These strains are very well characterized as their drug-resistant profile was investigated in due course by phenotypical methods such as LJ proportion method and or using the BACTEC 960 SIRE Kit System (Becton Dickinson, Buenos Aires, Argentina), and molecularly using a home-made multiplex allele-specific polymerase chain reaction system or the GenoType MTBDR s plus assay since 2010. 26, 27 These strains are part of the strain collection of the previously mentioned laboratory.
MIC determination
(a) The microplate colorimetric method using resazurin as redox indicator was used to determine the MIC values of INH, rifampicin, LX, ETH, rifabutin and MOX. [28] [29] [30] This method uses 96-well plates with flat bottom and lid. The liquid medium Middlebrok 7H9 (M7H9) supplemented with OADC (oleic acid, albumin, dextrose, and catalase) (Becton Dickinson) was used to fill up the plates. 29, 30 (b) Preparation of drugs: Stock solutions of 10 000 mg ml À1 were prepared for each drug. These solutions were sterilized by filtration through 0.22 mM Millipore filters, aliquoted and frozen at À20 1C until use. Storage was no longer than 3 months. The fully drug-susceptible reference strain H37Rv ATCC 27294 was used as a drug-susceptibility testing control. (d) Preparation of plates: Plates containing 96 flat-bottom wells were used and prepared as follows: each well from A and H rows were filled with 200 ml of sterile water to avoid desiccation of plates during incubation. In column 1, the well B was used as a sterile control filled only with 100 ml of M7H9/ OADC, and wells C to G, growth controls, were also filled with 100 ml of M7H9/OADC plus 100 ml of 1/25 Mycobacterium suspension. In column 2, 100 ml of M7H9/OADC were added from rows B to G. Then, 100 ml of a drug suspension four times more concentrated than the initial concentration than the one that wanted to be tested was added and serial dilutions were performed. Finally, the wells were inoculated with 100 ml of 1/25 Mycobacterium dilution. Each following column was used to test different antibiotics.
The inoculated plates were light protected and incubated at 37 1C for 5 days. Then, a growth control well was filled with 30.0 ml of resazurin and incubated for 24 h (hs) more. If no color change was evidenced, a second growth control well was developed and incubated for 24 h more and so on. When bacterial growth was observed, the rest of the plate was filled with resazurin and reincubated 24 h more for the final reading. MIC was defined as the minimal drug concentration that inhibited the microorganism growth and it was evidenced by the absence of color change of the redox indicator, resazurin.
Molecular drug-resistant detection
The detection of mutations in rpoB, katG, inhA, gyrA and gyrB that confer drug resistance was performed using the GenoType MTBDR plus assay and/or DNA sequencing. 26, 27 Statistical methods Data were collected in an Excel 7.0 version and then exported to MedCalc 12.7 software (Mariakerke, Belgium). The statistical analysis was performed for each of the assayed drugs and the Fischer's exact or w 2 tests were used to evaluate the differences between the parental and their respective structural analog. Table 1 shows the results for the selected clinical isolates of redetermining the MIC values for INH, rifampicin and LX. This table shows the number of drug-resistant isolate according to the drug-resistant level found. A few number of drug-resistant clinical isolates by the LJ/BACTEC MGIT 960 showed MIC values in the range of susceptibility to the drug. These isolates were retested several times and were considered resistant to the drug as was indicated by the gold standards methods. Table 2 shows the relationship between MIC ranges for the first-line anti-TB drugs and their structural analogs.
RESULTS

MIC results
MIC_ETH was determined in the 144 isolates originally designated as INH resistant and 18.1% (26/144) of them were drug susceptible (MIC_ETH: 1.00 to p0.13 mg ml À1 ); 51 strains (35.4%) showed low levels of ETH resistance (MIC_ETH: 8.00-2.00 mg ml À1 ) and 67 strains (46.5%) showed high or intermediate levels of ETH resistance (Table 2) .
MIC_rifabutin valid results were obtained in 70 out of 75 rifampicin-resistant isolates. Unfortunately, the remaining five rifampicin-resistant isolates were contaminated or did not grow during MIC_rifabutin determination. Twenty-nine (41.4%) rifampicin-resistant isolates were distributed in the MIC_rifabutin range of: 32.00-4.00 mg ml À1 ; 34 (48.6%) strains in the range of MIC_rifabutin: 2.00-0.25 mg ml À1 and 7 (10%) rifampicin-resistant isolates showed MIC_rifabutin corresponding to values assigned to susceptible strains (0.13-p0.03 mg ml À1 ). Therefore, cross-drug resistance between both rifamycins was verified in 90% (63/70) of the rifampicin-resistant isolates (Table 2) .
Regarding MOX, only four of the isolates that were originally highly resistant to LX also showed high MIC_MOX values (8.00-2.00 mg ml À1 ), as did one isolate that retested as susceptible to LX; three other strains ranging from LX resistant to LX susceptible showed intermediate level of resistance to MOX (MIC_MOX: 1.00-0.50 mg ml À1 ). Finally, only one isolate had an MIC of 0.25 mg ml À1 , which is a value usually related to LX-susceptible strains ( Table 2) .
Molecular drug resistance
A total of 84.7% (122/144) of the INH-resistant isolates had mutations conferring INH resistance; 56.3% (81/144) showed mutation in katG and 28.5% (41/144) in inhA genes; mutations in the rpoB gene conferring rifampicin resistance were present in 100% (75/75) of rifampicin-resistant isolates and only four LX-resistant isolates showed mutations in gyrA/B related to resistance (Table 3) .
Relationship between drug resistance levels and mutations Table 4 shows the relationship between the levels of resistance for each one of the tested drugs and the mutations found conferring resistance. and only 2 (4.9%) had MIC_INH: 0.13-0.03 mg ml À1 . Using the Fisher's exact test, it was observed that a significant difference between mutations in katG and inhA when the isolate had high (P: 0.035296) and intermediate INH-resistant levels (P: 0.025755). However, the difference between inhA and katG was highly significant (Po0.000001) when the isolate showed low INH-resistant levels. Therefore, these results show that, as was previously reported by other authors, the presence of the katG mutation is linked to stronger resistance to INH than is the inhA mutation.
Determination of the MIC for ETH in the phenotypically INHresistant isolates showed 26 isolates susceptible to ETH (MIC_ETH: 1.00-p0.13 mg ml À1 ), the majority of which bore the katG mutation that conferred INH resistance. An additional 60 isolates resistant to both INH and ETH with a katG mutation also displayed ETH resistance, whereas 40 out of 41 (97.6%) INH-resistant isolates with the inhAP mutation showed ETH resistance (60.0%, 24/40, with MIC_ETH: 128.00-16.00 mg ml À1 ; 32.5%, 13/40, with MIC_ETH: 8.00-2.00 mg ml À1 ). The remaining INH-resistant isolates with MIC_INH: 0.25 mg ml À1 had MIC_ETH: 0.13 mg ml À1 . One of the INH-resistant isolates with an inhA83 mutation had MIC_INH of 1.00 and MIC_ETH of 2.00 mg ml À1 , and the other isolates with the same inhA mutation showed MIC_INH: 8.00 mg ml À1 and also an MIC_ETH of 2.00 mg ml À1 . The isolate with the inhA241 mutation had MIC_INH and MIC_ETH of 2.00 mg ml À1 , the highest MIC values to consider an isolate still susceptible to ETH.
Regarding resistance to rifampicin, 36/49 (73.5%) of rifampicinresistant isolates with the rpoB531 mutation had a high rifampicinresistant level (MIC_rifampicin: X64.00 mg ml À1 ); 16.3% (8/49) and 10.2% (5/49) had intermediate (8.00-4.00 mg ml À1 ) and low MIC values (p2.00 mg ml À1 ), respectively. For those rifampicin-resistant isolates with rpoB526 mutation, 8 out of 14 had high resistance level (MIC_rifampicin: X64.00 mg ml À1 ); 3 out of 14 had intermediate (8.00-4.00 mg ml À1 ) and 3 showed low MIC values (MIC_rifampicin: p2.00 mg ml À1 ). Three isolates containing the rpoB516 mutation had MIC_rifampicin of X64.00 mg ml À1 and the remaining isolate displayed MIC_rifampicin of 16.00 mg ml À1 .
Seven rifampicin-resistant strains tested for rifabutin were susceptible to this drug (MIC_rifabutin: 0.13-p0.03 mg ml À1 ); two of these isolates had the rpoB526 mutation with low rifampicin-resistant level (MIC_rifampicin: 0.13 and 1.00 mg ml À1 ); four isolates, two with the rpoB516 mutation and two with the rpoB531, had MIC_rifampicin of 16.00-64.00 mg ml À1 and the remaining one showed low MIC_ rifampicin of 0.13 mg ml À1 , but no rpoB mutation conferring rifampicin resistance was found. Cross-drug resistance between both rifamycins was found for the rest of the isolates. Those isolates mutated in other codons of the rifampicin resistance determining region (1 in rpoB513, 1 in rpoB522 and 2 in rpoB513-565) showed MIC_rifampicin of 8.00 mg ml À1 and MIC_rifabutin of 0.50 mg ml À1 , whereas the isolate with the rpoB572 mutation displayed MIC_rifampicin of 2.00 mg ml À1 and MIC_rifabutin of 0.25 mg ml À1 .
Regarding the FQs, five out of nine LX-resistant isolates showed high resistance levels (MIC_LX: 16.00-4.00 mg ml À1 ), whereas three of them had the gyrA94 mutation with high MIC_MOX values (8.00-2.00 mg ml À1 ). The two remaining isolates showed WT sequence in gyrA and gyrB, with lower resistance level to MOX (MIC_MOX: 2.00 and 0.50 mg ml À1 ). The isolate with the gyrA90 mutation had intermediate resistance level to FQ with MIC_LX of 0.50 mg ml À1 and MIC_MOX of 1.00 mg ml À1 . Three LX-resistant isolates, determined by the LJ proportion method and without detected mutation in gyrA nor gyrB, showed low MIC_LX values (0.25 mg ml À1 ), and only one of them also showed low MOX-resistant levels (0.25 mg ml À1 ). In addition, the other two isolates showed higher MOX-resistant levels (MIC_MOX: 8.00 and 0.50 mg ml À1 ).
DISCUSSION
INH-ETH
The inhAP mutation has been previously reported to confer crossresistance between INH and ETH. 10 This finding is supported by the results herein reported, as most of the INH-resistant isolates with the mutation in the promoter region of inhA showed cross-resistance with ETH; therefore, this mechanism could be responsible for the ETH resistance found in these isolates. 19, 20, 29 These findings support the importance of determining the in vitro susceptibility of the multidrug-resistant strains to ETH, as this drug is, in general, available as second-line anti-TB agent. In addition, the inhAP-15 mutation was almost fully related to the ETH resistance. Therefore, the availability of a molecular system to detect rapidly the inhAP-15 mutation would be an important tool for making a rapid decision of considering ETH for the therapeutic scheme. Besides the mutations in inhAP, point mutations in the ethA gene that codifies for the monooxygenase EthA and that activates ETH have been reported as involved in ETH resistance in M. tuberculosis clinical isolates. Therefore, this mechanism could be responsible for the ETH resistance in the 58 isolates without inhAP-15 mutation found in this study. 31 Rifampicin-rifabutin According to previous experience, cross-resistance between rifamycins has been verified in most isolates resistant to rifampicin. 31 Some authors have postulated that rpoB516 mutation confers low-level resistance to rifampicin and is not related to cross-resistance to rifabutin. 32 Owing to the low number of strains with mutation in rpoB516 in this study, this assumption could not be confirmed. However, it is noteworthy that of the seven isolates with no crossresistance between both rifamycins, two had the rpoB516 mutation and high values of MIC to rifampicin, two had mutations in rpoB526, one with a low level of resistance and the other one with a susceptible profile of the drug (MIC_rifampicin: 1.00-0.13 mg ml À1 ). The remaining two isolates contain mutations at rpoB531 and high levels of resistance to rifampicin (MIC_rifampicin: 16.00 and 64.00 mg ml À1 ). Mutations in codons rpoB531 and rpoB526 are often related to cross-resistance between both rifamycins. 15, 32 LX-MOX The three isolates with high LX-resistant level and with the gyrA94 mutation also displayed high MOX-resistant level, whereas the isolate with mutation in gyrA90 showed intermediate resistance values for both drugs. Three LX-resistant isolates according to the LJ proportion method showed MIC_LX values within the susceptibility range, and two of them displayed high MIC_MOX values. Mutations outside the quinolone-resistant determining region of the gyrA and gyrB gene or in efflux pumps may be responsible for the resistance in those isolates without any detected mutation. 25 According to our results, about 17.0% of the INH-resistant isolates had MIC of around 1.00 mg ml À1 ; therefore, they might be inhibited by concentrations of drugs easily obtained in the serum patient after a therapeutic dose. These data suggest that a second INH concentration could be tested with the clinical aim of giving the physicians some evidence to continue INH in the treatment and consider the possibility to complete the treatment with modifications of the corresponding antibiotic doses.
As reported previously, the use of rifabutin is not recommended when there is a proved rifampicin resistance. This fact is supported by the low number of rifampicin-resistant strains that are still susceptible to rifabutin, mainly because the minimal bactericide concentration needed to kill these strains may be much higher than the serum maximum concentration (NM, personal communication). These findings discourage the addition of rifampicin analogs such as rifabutin and rifapentine as alternatives for the multidrug-resistant TB treatment in the National Tuberculosis Control Programs.
The fact that one LX-susceptible isolate was resistant to MOX might be important when considering the addition of MOX-and not only ofloxacin or LX-in second-line drug schemes, mainly in extensively drug-resistant TB cases. However, one limitation of this study is the few number of FQ-resistant strains that were tested.
This study highlights the fact that the same mutations causing resistance to the first-line anti-TB drugs can be responsible for the resistance to their respective structural analogs, might allow physicians to decide on the rapid incorporation or not of the second-line agents in the therapeutic scheme, when there is no possibility of testing them in vitro. Rare exceptions in which a strain that is resistant to a first-line drug retains susceptibility to a related second-line drug would require the ability to detect the mutation responsible for drug resistance.
